The issue of high dust concentration and the difficulty of head-on collection were investigated in this study. The theory of gas-solid two-phase flow was used to conduct numerical simulations on the air flow and dust concentration of the inside intake and the outside pressing particle collector using the FLUENT 6.3.26 software. The best optimization scheme was obtained by analyzing the simulation results of the air flow and dust concentration. Results indicated that when the diameter of the external cavity was 700 or 900 mm, the working surface of the working environment was not effectively improved. In comparison, when the diameter of the external cavity was optimized to 800 mm, most of the dust was trapped in the working face, and the working environment was significantly improved.
Introduction
The production of Chinese coal energy increases yearly; in fact, the national coal production reached 3.7 billion tons in 2013. Coal production is thus growing rapidly . However, the safety of underground production should be ensured. Coal dust is a major hazard in the production process. Apart from threatening the health of mine workers, the dust that encounters heat can cause an explosion. Such an explosion can lead to serious accidents and major losses for the state and enterprises as well as threaten social stability and harmonious development. Based on incomplete statistics, large coal dust explosions have killed more than 1,000 people in recent years. Dust not only causes explosions but also leads to miners suffering from pneumoconiosis, a lung disease caused by the long-term intake of dust and gas [1] [2] [3] [4] .
The downhole production process, mainly from dust accumulated during the excavation of coal crushing and unreasonable ventilation, expands the scope of dust pollution. Ventilation is widely used to prevent dust hazards and to reach standard safety procedures for roadway dust concentration. Therefore, the focus of prevention and control of dust hazards involves three aspects, namely, rational optimization (roadheader), ventilation, and a dust-removal device; face ventilation; and dust collection or the maximum dust collected. Worker safety and management systems improved early in foreign countries, and their employees have a strong sense of security compared with those in China. Therefore, there are more studies on coal dust hazard in foreign countries than in China. Precipitators are widely used in some of the major coal-producing countries abroad. Dust blowers, wet fiber precipitators, small cyclones, and other equipment are used in the United States. In Russia, wet vibrating precipitators and vacuum pumps are used in the roadheader, shearer or steeply inclined coal seam, return airway, and other places. In Germany, dry bag filters are used in the vicinity of a crusher at the transshipment point and roadheader [5] . Meanwhile, in China, a series of studies has been conducted on filters. Professor Xu Lin from Beijing University of Technology has developed a new and efficient self-excited precipitator. The Chongqing coal science branch has developed a new generation of precipitators that can be used with other comprehensive roadheaders that obtain good dust-removal effects [6] . Based on external pressure pumping dust collector patents, the current study optimizes the external cavity dimensions of the dust collector and conducted numerical simulations using FLUENT. Thereafter, the simulated data are analyzed to optimize the removal efficiency of the dust collector cavity size.
Structure and working principles of the external pressure pumping dust collector
The simple push-in or draw-out structure is commonly used; however, the collection of the dust cannot reach a reasonable amount. On the one hand, the simple push-in dust collector only has a simple injection and dilution function and is unable to remove dust. Moreover, it can cause large ranges of pollution. On the other hand, the lift of the simple drawout dust suction is short because the fan layout is unreasonable, usually causing eddy currents and expanding the scope of dust pollution [7] . Based on the traditional dustcollection methods, this new method has been improved using a newly invented external pressure pumping dust collector, which has received national patents.
The external pressure pumping dust collector initially focuses on the minimum range and then concentrates on removing dust using the flow fields inside and outside the cavity. The exhaust and pushed fan tubes are installed in the internal and external cavities, respectively. The cutting arm is set in the internal cavity, which thereafter becomes the digging machine drill and opens both inside and outside the chambers connected to the bell. The cavity and the outer part of the exhaust fan are connected by the pipeline. The outer chamber through the exhaust pipe is connected to the pushin fan. Dust is gathered within the lumen using the external cavity jet and the lumen suction flow, after which the dust is processed in a precipitator [8] [9] . The structure is shown in Figure 1 . The cavity includes external and lumen cavities. The external cavity is the dust outlet, and the lumen cavity is the dust inlet. The exhaust and intake pipes are both full pipes, and for easy calculation, both are excluded in the computational domain. The length of the external cavity is 2 m, and the gap size between the external cavity and the cutting arm is 0.2 m (with 800 mm cavity). The lengths and angles of the outside and inside trumpets are both 0.4 m and 45°, respectively. The sizes of the drill of the roadheader are simplified to 3 m in the computational domain. The length of the outer barrel is 4 m. The length and the gap size of the inner barrel is 0.2 m. The diameter of the lumen cavity is 600 mm, and the length of the lumen cavity is 1.5 m.
3. Numerical simulation of the cavity of the insideintaking and outside-pressing particle collector
Mathematical model
The discrete phase model is a model of continuous and discrete phase interactions (dust in the roadway is a discrete phase, and air is a continuous phase) using motion and trajectory calculations of flow-field particles. The flow regime is turbulent flow, and the type of study is an unsteady state problem. Usually, the flow field of the continuous phase is calculated first, and then the jet of the discrete phase is created. Finally, the variable flow field trajectories are used to calculate the discrete phase particles through the discrete phase model [10] [11] [12] . Several control equations were obtained based on kinetic theory of the discrete phase and the conservation laws of the continuous phase. These equations are described below.
The continuity equation for the gas is given by
where ρ is the fluid density, t is the time, and , , u v w are the components of velocity. The equation for conservation of momentum is expressed as
where ij σ is the normal surface force,
is the Reynolds stress (expressed as a ripple effect of the averaged flow), and i f is the effect of gravity.
In the K-epsilon of the turbulence model, the equation of K is given by
The equation of ε is expressed as ( )
where G is the turbulence kinetic energy term, 
The discrete phase dust equation conservation equation is given by
where
is the unit mass of drag force of the discrete phase,
represents the subtracts of gravity and buoyancy of the discrete phase, and x F represents the other forces that can be ignored.
Geometric model and parameter settings
Based on the measured data of the west tunneling working face of the Lu'an mine, the tunnel section had a length of 3.5 m, width of 3.5 m, and height of 3 m. The diameter of the inner cylinder was 600 mm, which was suitable for the cutting arm. Based on the data from the previous experiments, the size of the external cylinder was simulated separately by three sets of data, namely, 700, 800 and 900 mm, respectively. The system was simplified for convenient calculation, and the length of the external cavity and lumen were both 2.4 m (including the trumpet). The geometric models of the different diameters of the external cylinder were created using GAMBIT, as shown in Figure 2 . The grid was then divided, and the boundary conditions were defined. Finally, the models were imported into the FLUENT software, and the boundary conditions and dust source parameters were set [13] [14] . These conditions and parameters are shown in Tables 1 and 2 . Fig. 2 . Meshing of the cavity of the inside intake and outside pressing particle collector The boundary type of the heading face was the wall; those of the roadway roof, floor, container wall and coal wall were all wall, that of the tunnel outlet was the outflow; those of the outer barrel inlet and inner barrel outlet were the velocity-inlet; and those of the outer barrel outlet and the inner barrel inlet were the interval. The computational domain was the working face, and the model selected had a size of 3.5 m × 3.5 m × 3 m. The distance between the center of the inner cylinder diameter and the floor of the roadway was set at 1.8 m, whereas that between the trumpet-shaped section and the heading working surface was set at 2.4 m. The tunnel out of the heading face was the export wind speed in the computational domain. The inner barrel absorb wind speed was used in the lumen cavity, and the entrance velocity of the inner barrel was negative. The outer barrel mouth wind speed was used in the external cavity, and the entrance velocity of the outer barrel was positive. The hydraulic diameter is calculated using the equation
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S l = (6) where S (m2) is the flow cross-sectional area, and l (m) is the flow cross-sectional perimeter.
The turbulence intensity is calculated based on the type (7). This empirical formula is obtained under the inferential reasoning of the predecessor, which is given by 1 8 
Re
where Re is the Reynolds calculated by the hydraulic diameter, ( Re
). The mass flow rate is calculated using the equation
Mass flow rate c v S
= ⋅ ⋅ (8) where c is the dust concentration in kg/m 3 , v is the wind velocity in m/s, and S is the cross-sectional area in m2. All walls were assumed to be insulated and had no sliding; the pressure gradient perpendicular to walls was 0. The grid interval size was 0.15. If the grid size is smaller, then the analogue result is more sophisticated for the entire geometry model. Given its complex structure, using the Tgrid meshing method is relatively more successful than other methods when it comes to carrying out the separation. Without the need for user intervention methods of the Tgrid, the grid structure can change into a large grid density, which reduces the time of mesh, thus guaranteeing the quality of the grid.
The convergence criterion is absolute convergence. When the residual is below 0.001, it is convergence. The time step is 0.1 s, and the number of time steps is 5000. The coupling frequency discrete phase model is 10, which is the discrete phase for each iteration step corresponding to the iterative 10-step continuous phase, and the number of calculated steps is set to 5000.
Results and analysis of the numerical simulation
Based on the main parameters of the actual measured underground tunneling face, the cavity sizes of the 700, 800 and 900 mm cavities were simulated to obtain the flow motion in the dust cavity and the change in the concentration of discrete particles. The evaluations to this study are as given below. Figure 3 shows that in the outside air under pressure from the external cavity flow duct face, dust particles are surrounded by air flows as they pass through the duct lumen and are finally collected in the dust collector. When the cavity diameter is 700 mm, the air from the external cavity is found after injection, but the formation of a local small-scale surround area is unable to collect a significant amount of dust cutting points. The diagram of dust concentration changing with time shows that the dust concentration remains at 1.0 × 10 -3 kg/m 3 in 250 s, which gradually decreases to 350 s. Figure 4 shows that the surrounding area significantly increases compared with that in Figure 3 by increasing the diameter of the external cavity duct. In the area near the cutting point, the flow field in the external pressure jet and the flow field inside the vacuum suction influence each other, forming inside the pumping region surrounded by external pressure. From the analysis of the changes in dust concentration, dust concentration from the beginning is 3.0 × 10 -3 kg/m 3 , gradually stabilizing until it remains at a low concentration range after 50 s. The face cutting point produces a significant amount of dust particles flowing through the lumen of the duct, which are then collected in the dust collector. 
Simulation of the 700 mm cavity

Simulation of the 800 mm cavity
Selection of the simulation program
In summary, when the duct diameter of the external cavity is 700 mm, the working environment cannot be effectively improved. In comparison, when it is 800 or 900 mm, the dust concentration effectively decreases, and the dust particles are quickly collected within a short period of time. When the diameter of the outer cylinder is 900 mm, a significant amount of dust spreads out with the air movement through the roof and the floor, and this movement is affected by the height of the cylinder. Such air movement can affect safe production and human health. Therefore, the external cavity duct with an 800 mm diameter is the best option to maximize external pressure in the dust-extraction device. This finding acquired through field measurement indicates that the proposed device can better control the dust concentration, compared with a pressure-type dust and extraction device, in the rock roadway west tunnel located in the coal mine in the Shanxi Lu'an Group tunneling face. Furthermore, the device effectively reduces the dust hazards of the underground tunneling face.
Conclusions
(1) Dust generated by a cutting point is in motion. The proposed device can control the flow of dust production and point movement by optimizing the size of its structure, which can effectively reduce the concentration of dust in the tunneling face. (2) The size of the external cavity for trapping dust is vital. When the diameter of the external cavity is 800 mm, the dust trapping effect is satisfactory, and the dust concentration in a wider range of working surfaces is reduced while ensuring a safe working environment. When the diameter of the external cavity is 700 or 900 mm, the face of the working environment cannot be effectively improved because of the influence of the diameter of the cavity and height of the subject. (3) The results of the simulation coincide with the patented product, which achieves the desired effect. These results can serve as a reference for controlling dust control in underground work.
